Abstract:
membrane along with one of the daughter organelles appear to be twisted so that the thylakoid 76 membrane loses its longitudinal orientation (Robertson et al., 1996) . Thylakoid division appears 77 to precede the separation of the daughter organelles (Whatley, 1980 The electrical unit in arc6 chloroplasts is larger than that in wild-type chloroplasts 118 
119
It would be expected that large thylakoid vesicles potentially formed in giant chloroplasts 120 might be susceptible to disruption by shear forces applied during isolation. In order to minimize 121 this possibility, protoplasts were made from both wild type and arc6 plants and chloroplasts were 122 subsequently isolated therefrom. Figure 1 shows that despite the expectation that the giant single 123 chloroplasts present in the arc6 mutants would be even more fragile than those in the wild type, 124 they could be isolated intact from protoplasts by incubation in a carbonate-containing buffer.
125
This is, to our knowledge, the first successful isolation of these giant chloroplasts with their 126 envelopes intact.
127
We then probed the size of the thylakoid electrical units via the light-induced carotenoid 128 electrochromic signal at 520 nm. After a 9 ms light pulse, the ∆ψ-indicating ∆A520 nm signal 129 exhibited biphasic relaxation kinetics in both wild type and arc6 plastids. Arc6 chloroplasts 130 displayed a faster ∆ψ relaxation rate than the wild type even in the absence of ionophore ( Figure   131 2A-B). The addition of gramicidin to the chloroplasts resulted in an accelerated relaxation rate 132 of the ∆A520 nm signal in both wild type and arc6 samples (Figure 2A-B) , with increasing 133 concentrations resulting in faster decays. This was also conveniently manifested in the initial 134 point recorded as the 9 ms actinic pulse was turned off. Since a 9 ms pulse is not a single 135 turnover flash, the magnitude of the electric field measured at 9 ms results from competition 136 between field generation by multiple reaction center excitations and decay by ion counter 137 movement, the latter of which is accelerated by gramicidin. Accordingly, thylakoid membranes 138 with increased ion permeability display a lower magnitude of the ΔA520 nm signal at 9 ms.
139
Acceleration of the electrochromic shift decay can be clearly seen by plotting the magnitude of However, thylakoid membranes are more resilient to osmotic pressure than the rest of the cell's 150 membranes, and thylakoids swell to form blebs. We used this property of thylakoids to provide 151 an independent measurement of the size of wild type and arc6 thylakoids. In the confocal 152 microscope, chlorophyll autofluorescence serves as a marker for thylakoid membranes ( Figure   153 3). Figure 3B shows a representative cross section image of a bleb formed from arc6 thylakoids,
154
and it is apparent that it is significantly larger than those formed from wild-type thylakoids 155 ( Figure 3A ). The diameter of the wild type bleb ( Figure 3A ) is ~ 12.8 ± 3.9 µm, whereas the 156 arc6 bleb ( Figure 3B ) diameter averages 21.7 ± 11.2 µm. While the diameter of a spherical 157 object such as a bleb observed in a single cross section could be mistakenly underestimated by 158 examining an image off of the equatorial plane, those images in Fig. 3 were produced after 159 scanning back and forth through the z-plane to find the maximum observed diameters.
160
Representative z-projections, in which all z-plane images are stacked one upon each other, 161 confirm the dramatic difference in sizes between arc6 and wild type blebs ( Figure 4A -B).
162
The values in Table 4 .1 report the average diameters of 1000 bleb samples. There was, 163 however, a remarkable variation in the sizes of the blebs formed from these (and other) plants, 164 and this is seen clearly in the diameter distribution histograms in Figure 5A . The possible 165 origins of this variation are examined in the Discussion.
166
Together with the measurements of the electrical unit size above, the confocal suggests that thylakoid division is dependent on chloroplast division.
169

Incomplete formation of contractile rings result in giant thylakoids
171
To test the dependence of thylakoid division on the constriction of the outer contractile 172 ring, we examined two chloroplast division mutants, pdv1 and pdv2, which exhibit 2-6 gigantic 173 chloroplasts that possess a dumbbell-like structure. These proteins reside in the outer envelope 174 membrane and act as a functional pair to interact with Arc 5 and form the outer contractile ring.
175
The pdv mutant chloroplasts are still able to form the inner contractile ring, however without the 176 outer ring the plastids never divide (Miyagishima et al., 2006) . We tested two alleles of each pdv 177 mutant, one that contained a mutation close to the N-terminus and another to the C-terminus 178 which we labeled -1 and -2, respectively. On average, pdv1-1, pdv1-2, pdv2-1, and pdv2-2 blebs 179 ( Figure 3C -F) were much larger than wild-type blebs. The blebs found in these mutants were 180 slightly smaller than those found in the arc6 mutant (~20 µm vs ~22 µm, Table 1 ).
181
Representative z-projections show the pdv blebs in their entirety and provide further evidence 182 that the blebs are much larger than those found in wild type ( Figure 4C-F) . The variations 
247
The sizes of osmotically lysed thylakoids from the different chloroplast division mutants 248 provided an independent measurement of thylakoid structure. It is apparent that the thylakoids 249 formed from arc6 chloroplasts were considerably larger than wild-type blebs. The average 250 diameter of the wild-type bleb was 12.8 µm, whereas that of arc6 blebs was 21.7 µm (Table 1) .
251
Our similar findings with the pdv1 and pdv2 mutants suggests that thylakoid division is closely 252 tied to the chloroplast division process (Table 1 ). The arc6 chloroplasts are unable to form Figure S1 ). Third, while we made every effort to be gentle with the samples,
276
we cannot be sure that we did not cause some breakage of the blebs during handling. We would likely that the forces generated by the chloroplast envelope contractile rings are those that are 310 responsible for dividing the thylakoid membrane as well. It will surely be interesting to elucidate 311 through future studies the mechanism through which these forces generated on one membrane 312 system are transduced to the other. 
334
For wild-type chloroplast isolation, the protoplast pellet from the wild-type plants was Table S1 . 
